Many of the astrophysical sources and violent phenomena observed in our Universe are potential emitters of gravitational waves (GWs) and high-energy neutrinos (HENs). A network of GW detectors such as LIGO and Virgo can determine the direction/time of GW bursts while the IceCube and ANTARES neutrino telescopes can also provide accurate directional information for HEN events. Requiring the consistency between both, totally independent, detection channels shall enable new searches for cosmic events arriving from potential common sources, of which many extra-galactic objects.
Introduction and motivations
Multi-messenger astronomy is entering an exciting period with the recent development of experimental techniques that have opened new windows of observation of the cosmic radiation in all its components. Gamma-ray astronomy -extensively discussed elsewhere in these Proceedings -has already shown evidence for (extra-)galactic sources of electromagnetic radiation with an energy spectrum extending up to several tens of TeVs; but most of them are expected to become fainter at higher energies due to the absorption of high-energy photons through interactions in the 2 V. Van Elewyck et al. source and with the extragalactic background light. Many such sources are believed to originate from cataclysmic events associated with the production of gravitational waves (GWs), and with the emission of high-energy neutrinos (HENs) as a byproduct of the hadronic processes involving accelerated protons (and photons). Both HENs and GWs are alternative cosmic messengers that may escape very dense media and travel unaffected over cosmological distances, carrying information on the internal processes of the astrophysical engines.
Joint GW-HEN searches are also motivated by the advent of a new generation of dedicated detectors. The first undersea neutrino telescope, ANTARES, is now operating in its final 12-line (12L) configuration, covering an instrumented volume of about 0,04 km 3 in the Mediterranean Sea 1 , while at the South Pole, IceCube has been taking data with an increasing number of lines (59 by now) and is proceeding towards its full, km 3 -sized, configuration 2 . The field of view of these detectors is about 2π sr for neutrino energies 100 GeV ≤ E ν ≤ 100 TeV, with an instantaneous overlap of ∼ 0.5 π sr. Both have good directional resolution, with a median error between 1
• and 2
• for IceCube and possibly as small as ∼ 0.3 • above 10 TeV for ANTARES as a result of the optical properties of sea water.
The GW detectors VIRGO 3 (with one site in Italy) and LIGO 4 (with two sites in the United States) are Michelson-type laser interferometers that consist of two light storage arms oriented at 90
• from each other, with suspended mirrors playing the role of test masses; their current detection horizon is about 15 Mpc for standard binary sources. Both detectors had a data-taking phase during 2007, which partially coincided with the ANTARES 5L and IceCube 22L configurations. They are currently upgrading to improve their sensitivity by a factor of 2 -and hence the probed volume by a factor of 8 -and are preparing for a common science run starting mid-2009, i.e. in coincidence with the operation of ANTARES 12L and IceCube 59L. The VIRGO/LIGO network monitors a good fraction of the sky in common with HEN telescopes: the overlap of visibility maps with each telescope is about 4 sr (∼ 30% of the sky).
Potential common sources of GW and HEN
Potential sources of GWs and HENs are likely to be very energetic and to exhibit bursting activity. Plausible GW+HEN emission mechanisms include two classes of galactic sources which could be accessible to the present generation of GW interferometers and HEN telescopes. Microquasars are believed to be X-ray binaries involving a compact object that accretes matter from a companion star and re-emits it in relativistic jets associated with intense radio (and IR) flares. Such objects could emit GWs during both accretion and ejection phases; and the latter phase could be correlated with a HEN signal as well if the jet has a hadronic component 10 . Soft Gamma Repeaters (SGRs) are X-ray pulsars with a soft γ-ray bursting activity which, according to the magnetar model, can be associated with star-quakes. The deformation of the star during the outburst could produce GWs, while HENs could emerge from hadron-loaded flares 11 .
Gamma-Ray Bursts (GRBs) are another promising class of extragalactic sources. In the prompt and afterglow phases, HENs (10 5 − 10 10 GeV) are expected to be produced by accelerated protons in relativistic shocks and several models predict detectable fluxes in km 3 -scale detectors 5 .Short-hard GRBs are thought to originate from coalescing binaries involving black holes and/or neutron stars; such mergers could emit GWs detectable from relatively large distances, with significant associated HEN fluxes 7 . As for the long-soft GRBs, the collapsar model is compatible with the emission of a strong burst of GWs during the gravitational collapse of the (rapidly rotating) progenitor star and in the pre-GRB phase; however this population is distributed over cosmological distances so that the associated HEN signal is expected to be faint 6 . The subclass of low-luminosity GRBs, with γ-ray luminosities a few orders of magnitude smaller, are believed to originate from a particularly energetic, possibly rapidly-rotating and jet-driven population of core-collapse supernovae. They could produce stronger GW signals together with significant highand low-energy neutrino emission; moreover they are often discovered at shorter distances 8 . Finally, the failed GRBs are thought to be associated with supernovae driven by mildly relativistic, baryon-rich and optically thick jets, so that no γ-rays escape. Such "hidden sources" could be among the most promising emitters of GWs and HENs, as current estimations predict a relatively high occurrence rate in the volume probed by current GW and HEN detectors 9 .
Outlook on the analysis strategies
GW interferometers and HEN telescopes share the challenge to look for faint and rare signals buried in abundant noise or background events. The GW+HEN search methodology involves the combination of independent GW/HEN candidate event lists, with the advantage of significantly lowering the rate of accidental coincidences.
The information required about any GW/HEN event consists of its timing, arrival direction and associated angular uncertainties (possibly under the form of a sigificance sky map). Each event list is obtained by the combination of reconstruction algorithms specific to each experiment, and quality cuts used to reject as much background as possible. GW+HEN event pairs within a predefined, astrophysically motivated (and possibly source-or model-dependent), time interval can be selected as time-coincident events. Then, the spatial overlap between GW and HEN events is statistically evaluated, e. g. by an unbinned maximum likelihood method, and the significance of the coincident event is obtained by comparing to the distribution of accidental events obtained with Monte-Carlo simulations using data streams scrambled in time (or simulated background events).
Preliminary investigations of the feasibility of such searches have already been performed and indicate that, even if the constituent observatories provide several triggers a day, the false alarm rate for the combined detector network can be maintained at a very low level (∼ (600 yr) −1 ) 12,13 .
Conclusions and perspectives
A joint GW+HEN analysis program could significantly expand the scientific reach of both GW interferometers and HEN telescopes. The robust background rejection arising from the combination of two totally independent sets of data results in an increased sensitivity and the possible recovery of cosmic signals. The observation of coincident triggers would provide strong evidence for the detection of a GW burst and a cosmic neutrino event, and for the existence of common sources. Beyond the benefit of a high-confidence discovery, coincident GW/HEN (non-)observation shall play a critical role in our understanding of the most energetic sources of cosmic radiation and in constraining existing models. They could also reveal new, "hidden" sources unobserved so far by conventional photon astronomy. A new period of concurrent observations with upgraded experiments is expected to start mid-2009. Future schedules involving next-generation detectors with a significantly increased sensitivity (such as the future km 3 -sized undersea neutrino telescope, KM3NeT 14 , and the Advanced LIGO/Advanced VIRGO projects) are likely to coincide as well, opening the way towards an even more efficient GW+HEN astronomy.
